Simulated high burnup UO2 and (U, Gd)O2 pellets, doped with soluble fission product elements (Sr, Zr, Y, La, Ce, Nd), were prepared.
Simulated high burnup UO2 and (U, Gd)O2 pellets, doped with soluble fission product elements (Sr, Zr, Y, La, Ce, Nd), were prepared.
Pellet thermal diffusivities were measured by a laser flash method and their thermal conductivities were evaluated.
Thermal conductivities decreased with an increase in the total amount of soluble elements at low temperatures, while they were almost independent of soluble element content at higher temperatures.
In the heat transfer process, phonon-phonon scattering was dominant for UO2 and simulated low burnup fuel, while phonon-point defect scattering was more important for higher burnup fuel. By applying Klemens' model, thermal conductivities of UO2 with soluble fission products was expressed in the form of an empirical equation.
Then with empirical parameters from simulated burnup UO2 and the previous (U, Gd)O2 results, thermal conductivity of (U, Gd)O2 with soluble fission products was expressed as a function of Gd and soluble fission products contents within a fitting error of +-6%. KEYWORDS Uranium dioxide (UO2) and (U, Gd)O2 have been used as nuclear fuel pellets in light water reactors (LWRs). Gaseous and solid fission products (FPs) are accumulated in the pellets during irradiation.
Some solid FPs dissolve into the UO2 matrix at high temperatures, thereby affecting thermal conductivity.
Several reports have been concerned with the effects of irradiation and dissolution of solid FPs on thermal conductivities of UO2 pellets.
Daniel & Cohen (1) reported that UO2 thermal conductivity decreased on irradiation. The decrease, however, may be attributable not only to the dissolution of solid FPs but also to microstructural changes such as an 0/M ratio change, precipitation of insoluble FPs, cracking, bubble formation and irradiation damage accumulation.
Thermal diffusivities were measured for unirradiated binary systems of UO2 and soluble FPs to evaluate effects of individual FPs (Gd(2)~(9), Sr(10), Zr (10)(11) y(12) , or rare earth elements(13)) on thermal conductivities. These studies showed a decrease in thermal conductivity of UO2 fuel with increasing amounts of soluble FPs. Lucuta et al. (14) also showed, by measurements of thermal diffusivity and heat capacity in simulated high-burnup UO2 fuel (SIMFUEL), that the thermal conductivity of the UO2 pellet was almost inversely proportional to burnup.
However, for (U, Gd)O2 fuel, there have been few studies on the effects of irradiation or soluble FPs on the thermal conductivity. In a previous experiment (9) , thermal diffusivities were measured for (U, Gd)O2 pellets Compositions of samples were determined as follows : Some FPs (Sr, 2r, Nb, Y., La, Ce, Pr, Nd, Pm, Sm and Eu) interact with phonons as soluble ions in the fuel operating temperature ranges. The concentrations of soluble FPs in UO2 and U05-6 wt% Gd203 (UO2-8.7 mol% GdO1.5) pellets at burnups of 30, 60, 90 GWd/t U were calculated with the ORIGEN2 code (15) . Some elements with low concentration (Nb, Pr, Pm, Sm and Eu) were represented by a single element as follows : The effect of a point defect i (substitutional impurity) on thermal conductivities related to the scattering cross section parameter, Gi, of the phonons by the point defect (16) . The scattering cross section parameter Gi is approximated by the following equation (17) : (1) where Mi and gi are the atomic mass and the ion radius of the point defect i, respectively ; M and g are the average atomic mass and the average ion radius of the host lattice site ; yi is the atomic fraction of the point defect i; and e the parameter representing the magnitude of the strain generated in the lattice. Then low concentration elements were represented by a element with almost the same Mi and gi using Eq. (1). That is, The mixed oxide powders were pressed into pellets at about 300 MPa, and these were sintered at about 2,000 K for 4 h in a stream of H2-H20 (oxygen potential : about -330 kJ/mol) for (U, FPs)O2 and in a stream of N2-H2-H2O (oxygen potential : about -310 kJ/mol) for (U, Gd, FPs)O2 to get stoichiometric compositions(21)(22). The sintered pellets were about 10 mm in diameter. Disk samples of 1 mm thickness were sliced from pellets for thermal diffusivity measurements.
No microcracks or precipitates were observed by scanning electric microscopy (SEM) and wavelength dispersed X-ray analysis (WDX) for any samples. Table 2 lists the sizes and densities of samples. The densities were measured by an immersion method.
Theoretical densities (TD) were calculated using the lattice parameter described below.
2. X-ray Diffraction Analyses The X-ray diffraction patterns were measured with a diffractometer using Ni-filtered Cu Ka1 radiation. For (U, FPs)O2, a full width at half maximum (FWHM) of a peak was almost the same as that of UO2 and the peak was split into Ka1 and Ka2. This indicated that these samples were almost completely homogeneous solid solutions.
Although the diffraction pattern of (U, Gd, FPs)O2 had a small peak due to free UO2 at the lower angle of the solid solution peak, the ratio of free UO2 in (U, Gd, FPs)O2 solid solution was so small (less than 5% in intensity) that the effect of free UO2 on the thermal conductivity could be ignored in the thermal conductivity evaluation ; thermal conductivities difference between (U, Gd, FPs)O3-UO2 and (U, Gd, FPs)O2 is less than 4%, which is within the thermal diffusivity measurement error (±5%). The lattice parameters were calculated by the least square method using the six diffraction lines above 100ß in 2t. Theoretical densities, rTD were calculated by rTD ,=MA/(a3NA), 
where gi and go are the ion radii of the metal (15)(19) (gs r2+_0.126 nm, gzr4=0.084 nm, gy3+=, The normalized thermal diffusivities of (U, FPs)O2 and (U, Gd, FPs)O2 are shown in Fig.  2(a) and (b) , respectively.
The thermal diffusivities of (U, FPs)O2 decrease with increasing FPs content at low temperatures although at higher temperatures their data are almost independent of FPs content, which is consistent with results by Lucuta et al. (14) The thermal diffusivities of (U, Gd, FPs)O2 also decrease with increasing FPs content. However the reduction ratio of thermal diffusivities for (U, Gd, FPs)O2 is smaller than those for (U, FPs)O2.
3. Thermal Conductivities By using Eq. (6), thermal conductivities were calculated for (U, FPs)O2 and (U, Gd, FPs)O2 from their thermal diffusivity data and specific heat capacities.
Here, specific heat capacities of UO2 (25) were used for those of In the same way as for (U, Gd)O2(9), measured thermal conductivities of (U, FPs)O2 can be expressed by KM=Kp+CT3 ,
where Kp is the phonon contribution to the thermal conductivity and C the constant. Provided that C is independent of densities and FP contents, the normalized thermal conductivity can be written by (13) where (14) When phonon-point defect (substitutional impurity) scattering and phonon-phonon scattering (Umklapp process) occur simultaneously, the thermal conductivity contributed by phonons Kp can be expressed by following equations based on relaxation-time theory (16) (8) (26) Kp=(A'T)-0.5, (18) where A' is the coefficient. The thermal conductivity Kp of UO2 may be approximated by Eq. (17), while Eq. (18) would give a fairly good approximation for Kp of fuels with high dopant amounts.
In order to determine the dominating process in thermal conductivities of (U,FPs)O2, the logarithmic normalized thermal conductivies contributed by phonons log(K:p/W• m -1K-1) are plotted in Fig . 4 vs. logarithmic temperature log(T/K).
Here, assuming that C in Eq. (14) is independent of impurity species (FPs, Gd), the reported value(9) of C for (U, Gd)O2 was used in calculation of KZ. The gradients decrease with increasing FPs contents from -0.97 for pure UO2 to -0.58 for 90 GWd/t burnup UO2. This indicates that phonon-phonon scattering is dominant in low FPs content UO2, while phonon-point defect scattering is more important in high FPs content UO2. These results indicate that neither Eq. (17) nor (18) can express thermal conductivites of (U,FPs)O2 with a wide range of FPs contents. Therefore Eq. (15) should be applied to expression of thermal conductivities for (U,FPs)O2.
For (U,Gd)O2 with a wide range of Gd content (up to 14.2 at %)(9), the normalized thermal conductivity is expressed by (19) and x can be approximated by
where DGd is the coefficient, YGd the metallic fraction of Gd and A0 and B0 are coefficients. Although DGd is theoretically independent of temperature, the experimental value depends on temperature as follows :
where D0.Gd and D1,Gd are coefficients. The values of coefficients for (U, Gd)O2(9) are listed in Using a least square method at temperatures from 400 to 1,873 K, experimental coefficients Do,FP and D1,FP are obtained for (U, FPs)O2, which are listed in Table 3 .
Since the effect of point defects (substitutional impurities : Gd, FPs) on phonon scattering can be expressed by the parameter Diyi1/2 (i =Gd,FP) in Eqs. (20) and (23), the parameter x for (U,Gd, FPs)O2 can be expressed by summation of the contribution due to Gd and FPs, that is, (25) Using the coefficients for (U,Gd)O2 and (U, FPs)O2 listed in Table 3 , thermal conductivities of (U, Gd, FPs)O2 are calculated from Eqs. (19) and (25) . This indicates that the effect of soluble impurities, produced during irradiation, on thermal conductivity can be expressed by a unified equation for UO2 and (U, Gd)02 fuels.
IV CONCLUSION
(1) Thermal diffusivities were measured for (U,FPs)O2 and (U,Gd, FPs)O2 at temperatures from 300 to 1,873 K. Thermal conductivities for these samples were cal- Table 3 Empirical parameters in thermal conductivity equation
culated from the thermal diffusivity results. ( 2) The thermal conductivities of (U, FPs)O2 and (U,Gd, FPs)O2 decreased with increasing amounts of soluble FPs at low temperatures, while at high temperatures, they were almost independent of FPs amounts. (3) By applying Klemen's model to lattice thermal conductivities of (U,FPs)O2 and using empirical parameters, thermal conductivities were expressed as a function of the atomic fraction of soluble FPs and temperature.
By using empirical parameters for (U,Gd)O2 and (U,FPs)O2, thermal conductivities of (U,Gd, FPs)O2 were expressed as a function of Gd(yGd) and FPs(yFp.) contents and temperature (T) within a fitting error of +-6%. The form of the equation, normalized to 95% TD was for Gd content up to 14.2 at% and soluble FPs content up to 6.95 at% and temperatures from 400 to 1,873 K. 
